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(57) ABSTRACT

An actuator (1) 1s described having a first part (4), a second
part (2), and a body portion (3) between the first and second
parts, wherein the body portion includes at least one cham-
ber (14) configured to be pressurised and the body portion
has a longitudinal axis; and a plurality of cables (6,7,8,9),
wherein each of the plurality of cables 1s arranged 1n a
respective at least partial spiral with respect to the longitu-
dinal axis of the body portion (3); and wherein the plurality
of cables are arranged such that the application of a selected
force to at least one of the cables causes a desired movement
of the first part relative to the second part.
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1
ACTUATOR

CROSS REFERENCE TO RELATED
APPLICATIONS

This application 1s a National Stage Application, filed
under 35 U.S.C. 371, of International Application No. PCT/
(GB2018/052305, filed Aug. 14, 2018, which claims priority
to United Kingdom Application No. 1713725.8, filed Aug.
25,2017, and United Kingdom Application No. 1713100.4,

filed Aug. 13, 2017; the contents of all of which are hereby
incorporated by reference 1n their enftirety.

BACKGROUND
Related Field

The present invention relates to an actuator and a method
ol actuating said actuator.

Description of Related Art

During the last decades, roboticists have moved from
designing rigid and heavy robots to soft and light ones. The
rigidity was one of the requirements, mostly related to high
precision and high mechanical bandwidth, essential for
some 1ndustrial applications. As described by Sciavicco and
Siciliano, an industrial robot 1s defined as a combination of
rigid links [1].

Due to the need for safe interaction with humans and to
avold collateral damage, compliant robots were explored
using active control and rigid links, or by using materials
that are intrinsically compliant [2]. Taking inspiration from
nature, a different approach paved the way for so-called soft
robotics (SR) [3], based on, for example, the physiology and
biomechanics of the octopus [4], [3], [6], the elephant trunk
[ 7], [8], [9], or the caterpillar [10]. Soft matenals are adopted
to design novel high-compliant actuators and sensors. In
sharp contrast to rigid robots, soft robots have a continuous
deformable soft structures with high adaptation and agility.
They may be composed of material with different stifiness.
Bio-inspired control has also been investigated [11], [12].

One of the first pneumatic actuators was reported by
McKibben, 1n the 1930’s, proposing a design able to provide
a pull-force like human muscles [13]. It consisted of an 1nner
rubber tube with a braided polyester mesh sleeve. This
design has been used in antagonistic configuration, obtain-
ing a system able to change its stiflness by controlling the air
pressure in each actuator [14], [13].

Diflerently from this approach, new designs of soit actua-
tors can produce different movements, 1.¢. pushing, bending,
or twisting forces. Suzumori et al., at Toshiba Corporation,
developed a 3 degrees of freedom (DOFs) pneumatic micro-
actuator composed of three chambers, with an external
diameter of 12 mm and total length of 120 mm [16]. The
actuator was made from fibre reinforced rubber and actuated
by electro-pneumatic or electro-hydraulic systems.

Connoly et al. proposed a mechanical programmable soft
actuator by using fibre-reinforcements [18]. A wide range of
motion was demonstrated by varying the fibre angle, with 1
DOF of motion: 1) extension, 1) bending, 111) twisting, and
1v) contracting. Performance was demonstrated by using a
simulator and validated by experimentally characterizing the
actuators

It would be advantageous to increase the number of
degrees of freedom exploitable by a single soft actuator,
thereby aflording a wider range of design choices when
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constructing soit robotic systems. It would be further advan-
tageous to provide a soit actuator having variable resistance
to movement, or stiflness, aflording the capability to pro-
duce relatively rapid, low precision movements or relatively
slower, high precision movements as demanded for a par-
ticular application. It would be still further advantageous to
provide an actuator having substantially uniform cross-
section throughout 1ts range of motion, thereby obviating the
well-known “ballooning™ and subsequent fatigue problems
associated with soit pneumatic actuators.

It 1s an object of the mvention to provide a soft actuator
incorporating one or more of the above advantages.

BRIEF SUMMARY

According to a first aspect of the invention there 1is
provided an actuator comprising;:

a first part, a second part, and a body portion between the
first and second parts, wheremn the body portion
includes at least one chamber configured to be pres-
surised and the body portion has a longitudinal axis;
and

a plurality of cables, wherein each of the plurality of
cables 1s arranged 1n a respective at least partial spiral
with respect to the longitudinal axis of the body por-
tion; and

wherein the plurality of cables are arranged such that the
application of a selected force to at least one of the
cables causes a desired movement of the first part
relative to the second part.

In operation, a selected force can be applied to at least one
of the cables which will cause the first part to move relative
to the second part. The selected force may comprise, for
example, tensioning the cables, pulling the cables or pushing
the cables.

The actuator of the present invention advantageously
combines pneumatic and mechanical actuation to provide an
actuator with precise movement control.

The plurality of cables arranged 1n a respective at least
partial spiral with respect to the longitudinal of the body
portion means that when a selected force 1s applied to at least
one of the cables, the force applied will have an axial
component and tangential component. This provides the
actuator with the possibility of movement in an additional
direction, for example, when compared to an actuator having
a plurality of cables arranged substantially parallel to a
longitudinal axis of a body portion.

As defined herein, a partial spiral can encompass the cable
coiling around the longitudinal axis, maintaining a constant
diameter with respect to the longitudinal axis. A partial spiral
may also encompass the cable coiling around the longitu-
dinal axis with an increasing or decreasing diameter with
respect to the longitudinal axis, for example, the cable may
coil around the longitudinal axis 1n a conical manner.

For example, a cable 1n at least partial spiral arrangement
may comprise a cable that, for at least part of i1ts length, at
least partially coils around the longitudinal axis such that for
cach point along said at least part of 1ts length the cable 1s
at substantially the same distance from the longitudinal axis
in a plane perpendicular to the longitudinal axis at that point.
Alternatively, a cable 1n at least partial spiral arrangement
may comprise a cable that, for at least part of 1ts length, at
least partially coils around the longitudinal axis such that as
position along said at least part of i1ts length varies the
distance of the cable from the longitudinal axis 1n a plane
perpendicular to the longitudinal axis varies
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The at least one chamber may be configured such that
controlling the pressure of the at least one chamber causes
a desired movement of the first part relative to the second
part, and/or provides the body portion with a desired rigidity,
Such that, a desired movement of the first part relative to the
second part may also be achieved by controlling the pressure
of the at least one chamber. For example, the chamber may
pressurised to a desired pressure such that the first part
moves relative to the second part. Or, the chamber may be
pressurised to a desired pressure and a selected force may be
applied to at least one of the cables such that the first part
moves relative to the second part. Or, for example, the
pressure of the at least one chamber may be maintained at
atmospheric pressure, whilst a selected force 1s applied to at
least one of the plurality of cables to cause a desired
movement of the first part relative to the second part.

The plurality of cables may be arranged to maintain their
at least partial spiral with respect to the longitudinal axis of
the body portion regardless of the orientation of the body
portion.

The plurality of cables may be arranged such that at least
one of the plurality of cables at least partially spirals 1n a
different direction to at least one other of the plurality of
cables. For example, some of the cables may at least partial
spiral 1 a clockwise direction with respect to the longitu-
dinal axis, and some of the cables may at least partial spiral
in an anti-clockwise direction with respect to the longitudi-
nal axis. In another example, the actuator may comprise four
cables, wherein two cables at least partial spiral 1n a clock-
wise direction and two cables at least partial spiral 1n an
anticlockwise direction.

Each of the plurality of cables may subtend a respective
arc, wherein the angle of the arc may be between about 20
degrees to 90 degrees, preferably about 60 degrees.

The plurality of cables may be arranged to operate antago-
nistically to cause movement of the first part relative to the
second part. For example, a first selected force may be
applied to some of the cables and a second selected force
may be applied to the remaining cables such that the first
part 1s moved relative to the second part.

The plurality of cables may be arranged to operate in
antagonistic pairs to cause movement of the first part relative
to the second part. For example, the actuator may comprise
four cables, wherein a first selected force may be applied to

two of the cables and a second selected force may be applied
to the second two cables.

The plurality of cables may be operatively connected to
the first part of the actuator, wherein the application of a
selected force to at least one of the cables causes movement
of the first part relative to the second part.

The plurality of cables may be operatively connected to
the second part of the actuator, wherein the application of a
selected force to at least one of the cables causes movement
of the first part relative to the second part.

The plurality of cables may be operatively connected to
the body portion of the actuator, wherein the application of
a selected force to at least one of the cables causes move-
ment of the first part relative to the second part.

In some examples, of the plurality of cables, some may be
operatively connected to the first part, some operatively
connected to the second part and some operatively con-
nected to the body portion. The skilled person will appre-
ciate that the plurality of cables may be operatively con-
nected 1n any combination to any of the first part, the second
part and the body portion of the actuator in order to cause a
desired movement of the first part relative to the second part.
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The actuator may comprise a plurality of cable housings,
wherein each of the plurality of cables 1s housed 1n a cable
housing. The cable housings may extend through the first
part and/or the second part and/or the body portion of the
actuator. The cable housing may be configured to provide
the plurality of cables with their respective at least partial
spiral, for example, the cable housing may extend through
the first part and/or the second part and/or the body portion
in an at least partial spiral with respect to the longitudinal
axis of the body portion. One or more of the plurality of
cables may be housed within a cable housing. The plurality
of cables may be Iree to move within their respective cable
housings.

Controlling the pressure of the at least one chamber may
comprise increasing the pressure or decreasing the pressure
to a selected value. It may also comprise maintaining the
pressure of the at least one chamber at atmospheric pressure.
Controlling the pressure may also comprise maintaining the
pressure of the at least one chamber at a selected pressure.

The ability to control the pressure of the at least one
chamber of the actuator may allow the rigidity of the
actuator to be adjusted. For example, by pressurising the at
least one chamber to a desired pressure, the actuator may be
stitened. This may allow for more precise movement of the
first part of the actuator relative to the second part.

The at least one chamber may be positioned within the
body portion. This may allow the rigidity of the body portion
to be adjusted.

The at least one chamber may be configured to receive a
supply of gas.

The actuator may comprise at least two chambers each
configured to be pressurised. The at least one chamber may
consist of two chambers. This may allow for more accurate
control of the ngidity and motion stability of the actuator.
The two chambers may be positioned within the body
portion. Each chamber may be configured to receive a
supply of gas.

The plurality of chambers may be configured such that at
least one other of the chambers 1s pressurisable relative to at
least one other of the chambers.

The actuator may further comprise means for controlling
the pressure of at least one of the chambers relative to at least
one other of the chambers.

The plurality of chambers and the cables may be arranged
such that application of desired pressure to at least one of the
chambers relative to at least one other of the chambers is
such as to at least partially compensate for force applied to,
and/or reduce distortion of, part of the actuator due to
application of force to the cables.

The pressure 1mm each of the two chambers may be
increased to cause translation along the longitudinal axis of
the first part relative to the second part and/or to control the
rigidity of the actuator.

Each chamber may be pressurised relative to the other to
control the rigidity of the actuator. Each chamber may be
pressurised relative to the other to cause movement of the
first part relative to the second part. For example, the
pressure of one chamber may be increased whilst the pres-
sure 1n the second chamber 1s decreased or maintained at a
selected pressure to cause a bending movement of the first
portion relative to the second portion.

The provision of two chambers each configured to be
pressurised can allow for increased chamber cross-sectional
area compared to the actuator cross sectional area and this
may result in a lower chamber activation pressure.

The actuator may further comprise least part of the
actuator which comprises an end face or end cap.
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The actuator of any preceding claim wherein the body
portion comprises an external surface comprises a flexible
material. The actuator may be a soft actuator which can
allow for safe interaction with the external environment. The
flexible material may be elastic. The flexible material may
be resilient.

The flexible maternal may comprise a polymer. For
example, the flexible material may be a natural or synthetic
rubber, or any suitable synthetic polymer.

The body portion of the actuator may be configured to
maintain a substantially constant cross sectional area along,
the longitudinal axis upon the application of the selected
force to at least one of the plurality of cables and/or the
pressurisation of the at least one chamber. This configuration
can prevent ballooning of the body portion of the actuator
when the pressure of the at least one chamber 1s 1ncreased.
This 1n turn may prevent the body portion from suflering
from fatigue.

The actuator may comprise at least one remnforcing mem-
ber configured to be substantially more rigid than the body
portion. The provision ol a reinforcing member that 1s
substantially more rigid that the body portion may help to
maintain the constant cross sectional area of the body
portion along the longitudinal axis upon the application of
the selected force to at least one of the plurality of cables
and/or the pressurisation of the at least one chamber.

The at least one reinforcing member may comprise, for
example, a sheath which extends around the body portion.

The at least one reinforcing member may comprise a fibre
or a wire, or a plurality of fibres or wires. The fibres or wires
may be wrapped around the body portion.

The first part and the second part of the actuator may
comprise end portions which are substantially more rnigid
that the body portion. For example, the end portions may
comprise caps, for example rigid polymer caps and/or caps
which have been reinforced such that they are substantially
rigid.

Rigid end portions facilitate simple connection of one
actuator according to the present invention with another. For
example, the end portions may be joined together in any
suitable way. Additionally, the provision of rigid end por-
tions may allow for additional hardware, for example elec-
tronics, to be housed within the end portions without sub-
stantially aflfecting the movement of the actuator.

The actuator may further comprise a hollow member
which extends at least through the body portion. The hollow
member may be used to house additional actuator hardware,
for example, cables or other electronics. The hollow member
may also facilitate the connection of actuators according to
the present invention.

The actuator of any preceding claim, may be configured
such that upon the application of the selected force to at least
one of the plurality of cables and controlling the pressure of
the at least one chamber, the first part has at least four
degrees of freedom with respect to the second part.

The first part may be moved relative to the second part
along a z-axis, for example the first part may be translated
along the z-axis, wherein the z-axis 1s substantially parallel
to the longitudinal axis of the body. This may be achieved
through the application of a selected force to at least one
cable and increasing the pressure of the at least one chamber.

The first part may be moved relative to the second part
such that the first part rotates relative to the second part
about the z-axis by the application of a selected force to at
least one of the plurality of cables. For example, a selected
force may be applied to at least two of the cables to generate
opposing bending moments on the first part, thereby causing
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rotation of the first part relative to the second part. For
example, at least four cables may be arranged such that a
selected force may be applied to one pair of cables and
another selected force may be applied to the second pair of
cables to generate opposing bending moments, thereby
causing rotation of the first part relative to the second part.

The first part may be rotated about the z-axis and trans-
lated along the z-axis, relative the second part simultane-
ously.

The first part may be moved relative to the second part
such that the first part rotates around a y-axis, by the
application of a selected force to at least one the plurality of
cables. The y-axis may be considered to be the axis perpen-
dicular to the z-axis. Rotation about the y-axis may be
considered to be bending of the first part along a xz plane.
For example, a selected force may be applied to at least one
of the plurality of cables such that the first part bends in the
xz plane relative to the second part. For example, at least
four cables may be arranged such that a selected force may
be applied to one pair of cables and another selected force
may be applied to the second pair of cables to generate a
bending moment 1n the xz plane.

The first part may be moved relative to the second part
such that the first part rotates around a x-axis, by the
application of a selected force to at least one the plurality of
cables. The x-axis may be considered to be the axis orthogo-
nal to the z-axis and the y-axis. Rotation about the x-axis
may be considered to be bending of the first part along a yz
plane. For example, a selected force may be applied to at
least one of the plurality of cables such that the first part
bends 1n the yz plane relative to the second part. For
example, at least four cables may be arranged such that a
selected force may be applied to one pair of cables and
another selected force may be applied to the second pair of
cables to generate a bending moment 1n the yz plane.

Actuators of the present mvention may be of different
shapes and sizes depending on the duty required.

The actuator of the present invention may have an exter-
nal dimension, for example, an external diameter, of a few
millimetres, for example 5 mm to 30 mm. Such an actuator
may have particular application 1n medical applications, for
example 1 devices for minimal access surgery, and for use
in endoscopes.

The actuator of the present invention may have an exter-
nal dimension, for example, an external diameter of up to
several centimetres, for example up to 10 cm, 20 cm or 30
cm, or any appropriate size for a desired use of the actuator.
Such an actuator may have particular use in industrial
applications.

The actuator of the present mnvention may be produced as
a single component, or, may be produced as multiple com-
ponents which are joined together, for example by any
suitable adhesive or bonding, such as fusion bonding. The
actuator of the present invention may be 3D printed.

According to another aspect of the present invention there
1s provided a snake-like robot comprising at least one
actuator as described by the appended claims.

According to a further embodiment of the present inven-
tion, there 1s provided a snake like robot comprising a
plurality of actuators as claimed herein, connected together.

The plurality of actuators may be connected in series.

Each of the plurality of actuators 1n the snake like robot
may be independently actuatable. For example, the first part
ol one actuator may be moved relatively to the second part
of the actuator 1n one direction by the application of a
selected force to at least one of the cables of the first
actuator, whilst the first part of a second actuator may be
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moved relative to the second part of the second actuator in
another direction by application of a selected force to at least

one of the cables of the second actuator, simultaneously.

A first part of a first actuator may be connected to a second
part of a second actuator such moving the first part of the
first actuator also causes movement of the second part of the
second actuator. Any number of actuators may be connected
together 1n this manner.

The actuators may be connected by any suitable bonding,
process, for example by any suitable adhesive. Alternatively,
the actuators may be connected using link pieces. The link
pieces may be pivotally or rigidly connected to the actuators.

According to a further aspect of the present invention, an
actuator apparatus 1s described comprising

at least one actuator according to any of the appended
claims;

means for applying pressure to the at least one chamber;

means for applying force to each of the cables;

a controller for controlling the pressure or pressures
applied to the at least one chamber and the force or
forces applied to the cables thereby to obtain a desired
movement of the first part of the actuator relative to the
second part of the actuator and/or to provide a desired
rigidity of the actuator.

A further aspect of the present mvention 1s directed to a
method of actuating an actuator i1s also described, the
method comprising

applying a selected force to at least one of plurality of
cables which are arranged 1n respective at least partial
spiral with respect to a longitudinal axis of a body
portion of an actuator to cause a desired movement of
a first part of the actuator relative to a second part of the
actuator, wherein the actuator comprises at least one
chamber configured to be pressurised.

The method may further comprise controlling the pressure
ol at least one chamber such as to adjust the rigidity of the
actuator.

The method may further comprise controlling the pressure
of the at least one chamber such as to cause a desired
movement ol the first part of the actuator relative to the
second part of the actuator.

The actuator may be an actuator according to an embodi-
ment of the present invention.

The method may comprise connecting a plurality of

actuators together, for example connecting a plurality
ol actuators together 1n series.

It should be understood that the features defined in
accordance with any of the aspects of the present invention
or below 1n relation to any specific embodiment of the
invention may be utilised, either alone or in combination
with any other defined feature, in any other aspect of the
invention.

BRIEF DESCRIPTION OF THE FIGURES

These and other aspects of the present invention will now
be described, by way of example only, with reference to the
accompanying drawings, i which:

FIG. 1 shows an external view of an actuator according to
an embodiment of the present invention, 1n 1sometric pro-
jection;

FIG. 2 shows transverse cross sections views of the
actuator of FIG. 1;

FIG. 3 shows a longitudinal cross sectional view of the
actuator of FIG. 1;

FIG. 4 shows an internal view of the actuator of FIG. 1,
in 1sometric projection;
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FIG. 5 shows an actuator according to the present imnven-
tion 1n neutral position;

FIG. 6 shows an actuator according to the present mven-
tion extended along the z-axis;

FIG. 7 shows a plan view of an actuator according to the
present invention 1n a neutral position;

FIG. 8 shows a plan view of an actuator according to the
present mnvention with one end rotated relative to the other;
and

FIG. 9 shows a side view of an actuator according to the
present invention executing a bending movement.

DETAILED DESCRIPTION OF VARIOUS
EMBODIMENTS

Turning to FIG. 1, the mvented actuator 1 comprises a
base 2 and a distal cap 4 connected by a flexible and
expandable cylindrical wall, surrounded by cylindrical
sheath 3. Both wall and sheath are constructed from a soft,
clastic and resilient material, for example natural or syn-
thetic rubbers or a suitable polymeric maternial. Sheath 3 may
include reinforcement 5, which for example, may comprise
two helically wound wire reinforcements, the two helices
having opposed handedness. As will be described 1n greater
detail below, the actuator 1s controlled by cables or wires, 6,
7, 8 and 9, and air supply tubes 10 and 11.

FIG. 2 shows a transverse cross section through the
actuator. Sheath 3, surrounds cylindrical wall 12, which 1s
divided by partition 13 into two chambers 14 and 15.
Partition 13 comprises a central hollow cylinder 20. Each
chamber 14 and 15 incorporates a pair of helical sub-
chambers 16, 17, 18 and 19. Each sub-chamber extends up
the length of its corresponding main chamber, whilst sub-
tending an arc of approximately 60 degrees. Cylindrical wall
12, partition 13 and optionally, sub-chambers 16 to 19 may
be produced as a single component by a suitable moulding
process or by an additive manufacturing process, for
example so-called 3D printing. Alternatively, sub-chambers
16 to 19 may be manufactured as separate components and
joined to chambers 14 and 15 by adhesive or fusion bonding.

As 1llustrated 1n FIGS. 3 and 4, each of cables 6, 7, 8 and
9 passes through an aperture in base 2, through one of
sub-chambers 16, 17, 18 and 19, and 1s secured at its distal
end to distal cap 4. The cables may comprise a Bowden
cable or similar, comprising a wire core 6, 7, 8 and 9 and a
sheath. Air/gas supply tubes 10 and 11 form a fluid connec-
tion with chambers 14 and 15 respectively, through base 2.
As will be appreciated, 1n use, air supply tubes 10 and 11 are
connected to a source of compressed air/gas (not shown),
allowing the pressure within chambers 14 and 15 to be
independently controlled.

Three axis, four degrees of freedom control of the actuator
will now be described. For convenience, the z axis 1s defined
as the long axis of actuator 1 and may be envisaged as a line
passing through central hollow cylinder 20 from base 2 to
distal cap 4. The v axis 1s defined by a line orthogonal to the
7 axis, passing through partition 13. The x axis 1s orthogonal
to both v and z axes. The neutral point of the actuator about
cach axis 1s defined as its rest position absent any external
pneumatic or mechanical forces, shown in FIG. 5. In FIG. §,
no tension 1s applied through any of the four cables 6, 7, 8
and 9 and the pressure within both chambers 14 and 135 1s at
atmospheric pressure.

As will be apparent to the skilled reader, the actuator 1s
capable of rotating distal cap 4 about any of X, y or z axes
relative to base 2 and, in addition capable of translating
distal cap 4 along the z axis relative to base 2. In this context,
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rotation about the y axis can be defined as bending 1n the xz
plane and rotation about the x axis can be defined as bending
in the yz plane. Referring to FIG. 4, the yz plane may be
defined as the plane coincident with the partition 13 defining
the two chambers 14 and 15.

Pneumatic Control

Extension of the actuator away from 1ts neutral point long
the z axis 1s shown 1 FIG. 6 and may be accomplished by
increasing the air/gas pressure in both of chambers 14 and 135
simultaneously, while the force applied to the cables 6, 7, 8
and 9 may be reduced. Conversely, retraction may be
accomplished by releasing the pressure in both chambers 14
and 15, whereupon the elastic construction of the actuator 1
will ensure 1t returns to a neutral position, while the force
applied to the cables 6, 7, 8 and 9 may be increased.
Retraction to and beyond the neutral point may be achieved
by further reducing the pressure 1n chambers 14 and 185,
thereby creating a partial vacuum therein.

As shown in FIG. 6, when the air pressure in both
chambers 14 and 15 1s increased simultaneously, the actuator
1 side walls are distended but the wire remnforced 5 outer
sheath 3 ensures that the actuator diameter remains constant.
In particular, the side walls do not expand beyond the two
end caps 2, 4.

Rotation about the y axis (bending in the xz plane) may
be accomplished by inflating and/or deflating chambers 14
and 15 as an antagonistic pair. Intlating chamber 13 with
chamber 14 either at atmospheric pressure or under vacuum
will generate a torque 1n one direction. Inflating chamber 14
and leaving chamber 13 at atmospheric pressure or under
vacuum, will generate a torque 1n the opposite direction.
Mechanical Control

Referring to FIGS. 1 and 4, cables 6, 7, 8 and 9 are housed
respectively within sub-chambers 16, 17, 18 and 19 and may
be operated 1n antagonistic pairs to drive rotation about any
desired axis or combination of axes, according to the fol-
lowing scheme:

Movement Activation

Rotation about vy axis Cables 6 and R paired against cables 7 and 9
(bending in xz plane)
Rotation about x axis
(bending in yz plane)

Rotation about z axis

Cables 6 and 7 paired against cables 8 and 9

Cables 7 and 8 paired against cables 6 and 9

FIGS. 7 and 8 show rotation of the actuator about the z
axis. The actuator 1s rotated from the neutral position of FIG.
7 clockwise by applying tension to cables 7 and 8. Markings
25 1n FIG. 6 are rotated clockwise 1n FIG. 7 highlighting the
clockwise rotation of end cap 4. In order to achieve anti-
clockwise rotation, cables 7 and 8 are relaxed whilst tension
1s applied to cables 6 and 9.

The force applied by tensioning any one of cables 6, 7, 8
and 9 will have an axial component (along the z axis) and a
tangential component because of the helical path of the
cables 6, 7, 8, 9 within sub chambers 16, 17, 18 and 19. As
such, when commanding the actuator 1 to perform a rotation
about the z axis as shown 1n FIG. 7, in order to achieve
balanced rotation (1.e. with no bending), the cables have to
be operated 1n pairs such that the force applied to each parr,
for example cables 7 and 8 and cables 6 and 9, will generate
opposite bending moments to prevent the actuator bending.
Further, 1n the absence of any countering force applied
through the chambers 14 and 15, application of tension to
the cables as described will cause the actuator to both rotate
around the z axis and translate along the z axis.
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As will be appreciated, simultaneous rotation about a
plurality of axes may be achueved by combining the above

combinations of cable activations and varying the pulling
torce applied by each cable.

Retraction along the z axis may be achieved by applying
an equal pulling force on all four cables 6, 7, 8, and 9
simultaneously.

Referring to FIG. 9, the actuator 1 1s shown executing a
bending movement 1n the yz plane. This bending 1s achieved
by operating cables 6 and 7 antagonistically with cables 8
and 9.

Similarly, but not shown, bending of the actuator 1n the xz
plane can be executed by operating cables 6 and 8 antago-
nistically with cables 7 and 9.

Actuator stiflness, that is, 1ts resistance to movement may
be controlled by varying the pressure 1n chambers 13 and 14,
while increasing the force applied to cables 6, 7, 8 and 9.
Increasing the chamber pressure together with cable forces,
will increase the actuator stiflness and vice-versa. As will be
appreciated, chamber inflation will be constrained longitu-
dinally (along the z axis) by cables 6,7, 8 and 9, and laterally
(along the x or vy axes) by sheath 3 and sheath reinforcement
5. The force required to bend the actuator such that it
subtends a desired angle will depend on the actuator stifl-
ness.

Typically, chambers 13 and 14 are at least partially
inflated whilst the actuator 1s in use. Experiments by the
inventor have found that partial inflation 1s required to
provide optimum positioning control.

The skilled person will appreciate that the pneumatic and
mechanical control schemes described above may be used
individually or in concert i order to eflect the desired
actuator motion.
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The 1nvention claimed 1s:

1. An actuator comprising:

a first part, a second part, and a body portion between the
first and second parts, wheremn the body portion
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includes at least one chamber configured to be pres-
surised and the body portion has a longitudinal axis;
and

a plurality of cables, wherein each of the plurality of

cables 1s arranged 1n a respective at least partial spiral
with respect to the longitudinal axis of the body por-
tion; and

wherein the plurality of cables are arranged such that the

application of a selected force to at least one of the
cables causes a desired movement of the first part
relative to the second part;

wherein the at least one chamber 1s configured to be

pressurized by a supply of gas and wherein the body
portion 1s configured to maintain a substantially con-
stant cross sectional area along the longitudinal axis
upon the application of the selected force to at least one
of the plurality of cables and/or the pressurisation of the
at least one chamber.

2. The actuator of claim 1, wherein the at least one
chamber 1s configured such that controlling the pressure of
the at least one chamber causes a desired movement of the
first part relative to the second part, and/or provides the body
portion with a desired rigidity.

3. The actuator of claim 1, wherein at least one of the
plurality of cables at least partially spirals in a different
direction to at least one other of the plurality of cables and/or

wherein at least one of the plurality of cables at least

partially spirals clockwise and at least one other of the
plurality of cables at least partially spirals anti-clock-
wise.

4. The actuator of claim 1, wherein each of the plurality
of cables subtend a respective arc of 20 degrees to 90
degrees.

5. The actuator of claim 4, wherein each of the plurality
ol cables subtend a respective arc of 60 degrees.

6. The actuator of claim 1, wherein the plurality of cables
are arranged to operate antagonistically to cause movement
of the first part relative to the second part and/or

wherein the plurality of cables are arranged to operate 1n

antagonistic pairs to cause movement of the first part
relative to the second part.

7. The actuator of claim 1, wherein at least one of a), b)
Or C):

a) the plurality of cables are operatively connected to the

first part;

b) the plurality of cables are operatively connected to the

second part;

¢) the plurality of cables are operatively connected to the

body portion.

8. The actuator of claim 1, wherein the actuator comprises
at least two chambers each configured to be pressurised.

9. The actuator of claim 8, wherein the plurality of
chambers are configured such that at least one other of the

chambers 1s pressurisable relative to at least one other of the
chambers.

10. The actuator of claim 9, wherein the plurality of
chambers and the cables are arranged such that application
of desired pressure to at least one of the chambers relative
to at least one other of the chambers 1s such as to at least
partially compensate for force applied to, and/or reduce
distortion of, part of the actuator due to application of force
to the cables.

11. The actuator of claim 10, wherein said at least part of
the actuator comprises an end face or end cap.

12. The actuator of claim 1, wherein the body portion
comprises an external surface comprising a tlexible materal.
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13. The actuator of claim 12, wherein the flexible material
comprises a polymer.
14. The actuator of claim 1, wherein the actuator com-
prises at least one reinforcing member configured to be
substantially more rigid than the body portion.
15. The actuator of claim 1, wherein the first part and the
second part comprise end portions which are substantially
more rigid than the body portion and/or
wherein the actuator further comprises a hollow member
which extends at least through the body portion and/or

wherein the actuator 1s configured such that upon the
application of the selected force to at least one of the
plurality of cables and controlling the pressure of the at
least one chamber, the first part has at least four degrees
ol freedom with respect to the second part.

16. A snake-like robot comprising at least one actuator
according to claim 1.

17. A snake-like robot comprising a plurality of actuators
according to claim 1, connected together.

18. An actuator apparatus comprising:

at least one actuator according to claim 1; and

a controller for controlling the pressure or pressures

applied to the at least one chamber and the force or
forces applied to the cables thereby to obtain a desired
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movement of the first part of the actuator relative to the
second part of the actuator and/or to provide a desired
rigidity of the actuator.

19. A method of actuating an actuator comprising a first
part, a second part, a plurality of cables, and a body portion
between the first part and the second part, wherein the body
portion has a longitudinal axis and includes at least one
chamber configured to be pressurized, wherein the method
COmprises:

applying a selected force to at least one of the plurality of

cables which are arranged 1n a respective at least partial
spiral with respect to the longitudinal axis of the body

portion of the actuator to cause a desired movement of
the first part of the actuator relative to the second part
of the actuator, while maintaining the substantially
constant cross sectional area along the longitudinal axis
of the body portion.

20. The method of claim 19, wherein the at least one
chamber comprises a plurality of chambers, and wherein the
method further comprises: controlling the pressure of at least
a first chamber of the plurality of chambers relative to at
least a second chamber of the plurality of chambers.
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